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ABSTRACT 
The Naval Postgraduate school of Monterey is designing and building a new 
Autonomous Underwater Vehicle. The new vehicle must use more robust 
mechanical solutions than the Phoenix version to increase the reliability. 
Furthermore, the robot should be able to perform mission at a maximal depth of 
300 feet. At this depth the pressure will be able to induce hull deflection. 
This report presents a variety of different steps performed to design a new 
robot and to solve these mechanical system problems such as: watertight integrity 
studies; component arrangement in order to calculate the gravity and buoyancy 
center; hull deflection; propulsion shaft guiding; physical protection for sensors; 
etc. 
Finite element simulation has been used to check the hull deflection at test 
depth and to find a way to increase hull stiffness. 
This design has been performed using 3D CAD software named I-DEAS. 
The appendix F presents a simple introduction to this software. 
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I. INTRODUCTION 
,./--·· ... ~---......, 
A. FO(RWARJ~) 
Before ~taiUiigthis report, it's important to define the difference between the different 
kind of underwater robot. There are two main families, the first one is the Remotely Operated 
Vehicle (ROV) and the second one is the Autonomous Underwater Vehicle (AUV). 
At the present time, unmanned underwater vehicle (UUV) activities in military and 
scientific I commercial fields are usually performed by ROV's. These vehicles are tethered to a 
surface ship or offshore platform by an umbilical cable, which provides power, and control 
signals. They are employed in the offshore oil and gas industries, salvage and recovery, and 
increasingly, ocean science, as well as in military mine countermeasure. A human operator 
(pilot) provides vehicle motion control on the surface, who views the underwater environment 
through a video camera for short-range visual feedback. Scanning sonar is often added for 
longer-range information. 
When deep-water applications or large horizontal movements of a vehicle are necessary, 
the tether becomes an ever-increasing liability. It adds tensile loading on the vehicle which is 
often uncertain and time varying, and requires elaborate tether management equipment. It is this 
shortcoming, and the associated costs of the support ship, that has led to development of AUV's. 
An AUV is independent of a tether for power control, and is free to maneuver more easily over 
larger distances or depths, with little or no direct human supervision. This type of vehicle is well 
suited for performing expensive and monotonous tasks such as ocean water quality, bathymetry, 
and geological survey. AUV's could also be utilized for harbor and underwater inspection tasks 
and most importantly, mine countermeasures and neutralization, where there is a potential for 
loss of life. 
The AUVs designed by the NPS are intended to operate in shallow water. Operation in 
shallow water is more difficult than in deep water due to a higher current. The wave effects are 
also not easy to control. 
This report does not pretend to present a global solution to robot design but shows only 
an overview of the main technical solution chosen for a new mechanical design. 
B. REPORT ORGANISATION 
A robot is composed of many different kinds of elements. These elements can be 
· grouped in different assemblies. The following pages describe in detail the design of each 
assembly and the different solutions selected. 
The main component is the hull. Every piece is put together within the hull. So, the AUV 
can be decomposed like this: 
• Nose assembly: The different sensors are installed in the nose of the robot. This main 
sensors are: RDI (Acoustic Doppler Current Profiiers) (ground I water speed); Triteck ST 
725 Sonar (obstacle avoidance I navigation); Tritech ST 1000 Profiling Sonar (Target 
identification); SonTek Velocimeter ADV (Wave Characteristic Identification). 
• Fin assembly: The new vehicle is composed of 6 fins. 
• Vertical Thruster assembly and horizontal thruster assembly: To have a strong capability 
of avoidance the AUV is equipped with two vertical tubes and two horizontal tubes. 
These thrusters also permit it to hover and to maintain a static position in spite of 
currents. 
• Propulsion assembly: Twin rear screws for transit propulsion and longitudinal station 
keeping in waves. One Y-1 hp brushless DC motor is mounted on each shaft. For this 
assembly, the watertight integrity is essential. This report will present in detail the 
solutions to this ·problem. 
• The vehicle also contains several devices such as: 2 ballast tank volume control pumps to 
allow the vehicle to rest on the bottom for environmental data; two onboard networked 
PC 104 Pentium processor for mission control and sensor I actuator coordination and data 
storage; and several device for the communication (radio links to share while surfaced, 
acoustic link while submerged, etc). 
All of these assemblies are presented in Chapter II to IX. 
All of these components have been designed using 3D CAD software. This software 
allows for ongoing maintenance of the design. It also allows investigation of changes in the 
center of gravity and constraints on different pieces. (See appendix E) 
Chapter 10 presents the structural analysis of the hull. Chapter II presents a summary of the 
gravity and buoyancy calculation. 
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II. RELATED WORK 
A. INTRODUCTION 
Research on Autonomous Underwater Vehicles has been an ongoing project at the Naval 
Postgraduate School of Monterey (NPS) since 1987 [Healey 90,92] [Brutzman 96] through the 
Phoenix project. A lot of reports have been written, and many people have worked to improve 
the NPS Phoenix performance. However, these researches mainly concern the control and the 
command of the vehicle. To find more details about the research already executed, it's possible 
to see the Web site of the Center for Autonomous Underwater Vehicle Research (CAUVR). E-
mail address: http://www.cs.nps.navy.mi1/research/auv/about auv.html 
The next paragraph presents the physical description of the Phoenix. 
Some work has already been done. This paper presents it in order to explain the 
mechanical design in this globaily. 
B. AUV PHOENIX PRESENTATION 
1- Concerning the hardware 
The new boat has very similar characteristics to the NPS AUV. For example the 
same sensors are used, the global shape has been conserved, etc. 
The NPS Phoenix AUV is approximately 2.4 meters long, 0.46 meters wide and 0.31 
meters deep. It has the shape of a miniature submarine with two aft propellers, two vertical 
thrusters, two horizontal thrusters, one or two fore rudders (the upper one is sometimes 
removed), two aft rudders, two fore fins, and two aft fins to control its movement through the 
water. 
The AUV has a 2 psi pressurized aluminum hull with a free-flooding nose cone that 
houses the AUV's acoustic measurement devices. The vehicle is designed to be neutrally 
buoyant at three hundred and eighty seven pounds with a design depth of twenty feet. It can 
be launched either from shore or from a boat. Lead acid batteries providing electrical power 
to the submarine for up to three- hours. 
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For the survey and mine countermeasure purposes mentioned above, several devices have been 
installed in the AUV: Some are intended for navigation and others are used for measurements. 
The following list details these pieces of hardware and their purposes: 
• A GesPac computer for controlling the AUV's stability, execution level of software, 
• A Sun Spare 5 computer for data storageand running strategic and tactical levels of 
software, 
• Four sonars: 
./ Doppler sonar for the speed over the ground, 
./ Sontek ADV for water particle relative velocities (u, v, w), 
./ Obstacle detection (ST 725 model), 
./ Obstacle classification (ST 1000 model), 
• DiveTracker short baseline sonar navigator for precision tracking, Systron Donner 
solid state IMU, for sensing the vehicle's orientation by measuring angles and rates 
for roll, pitch and yaw respectively, 
• A pressure sensitive depth cell, 
• AID and D/ A converters for computer hardware interfaces, 
• Lead-acid batteries for power supply. 
Figure 2.1: Phoenix AUV undergoing testing at the Center for AUV Research (CAUVR) laboratory test tank 
in early 1995 [Brotzman 94}. 
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Figure 2.2: Sketch representing the robot's components 
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Figure 2.3: AUV Phoenix external view: 
The figure shows the different components that are used on the "Phoenix". For 
example, it's possible to see the different sensors, the antennas,etc. 
2- Concerning the software 
The Phcenix AUV uses a tri-level software architecture called the Rational 
Behavior Model (RBM). RBM divides responsibilities into areas of open-ended strategic 
planning, soft real time tactical analysis, and hard real time execution level control. The 
RBM architecture has been created as a model of a manned submarine operational 
structure. The correspondence between the three levels and a submarine screw is shown 
in the Figure underneath. 
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RBM Level Emphasis Manned 
1\ Submarine 
Strategic Mission Commanding 
Logic 
Officer 
Tactical Vehicle Officer of 
RAhnvi or.<: the Deck 
Execution Hardware Watch-
Control standers 
Figure 2.4: The Relational Behavior Model tri-level architecture hierarchy with level emphasis and 
submarine equivalent listed [Holden 95] 
The Execution Level assures the interface between hardware and software. Its 
tasks are to underlay the stability of the vehicle, to control the individual devices, and to 
provide data to the tactical level. 
The Tactical.-.Level provides a software level that interfaces with both the 
Execution level and the Strategic level. Its chores are to give to the Strategic level 
indications of vehicle state, completed tasks and execution level commands. The Tactical 
level selects the tasks needed to reach the goal imposed by the Strategic level. It operates 
in terms of discrete events. 
The Strategic Level controls the completion of the mission goals. The mission 
specifications are inside this level. 
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Ill. PROBLEM STATEMENT 
A. INTRODUCTION 
The goal of this work was to design mechanical components for an Autonomous 
Underwater Vehicle. The new robot should be very similar to the Phoenix version. Some 
problems occurred in the old version, especially with respect to watertight integrety. So, 
it is necessary to focus on this problem. Furthermore, the AUV has got new abilities. 
They are examined in the following part. 
B. HARDWARE EVOLUTION 
The new robot has several new capabilities. The new boat is expected to rest on 
the ocean bottom, which can be accomplished using thrusters. However thrusters 
consume a lot of energy. So, to perform the bottoming task efficiently a ballast system is 
hereby designed. Two tanks have been implemented inside the new hull, one in bow 
section the other one in the stern section. 
For navigation the robot uses an RDI sonar positioned underneath the hull. Now, 
the RDI must be protected before landing. The report presents the different steps 
necessary to carry out this study. Several solutions are conceivable. So to choose the best 
solution, it is necessary to consider and compare all kinds of systems. The watertight 
integrity must be very sure because the electronic components are very sensitive to 
humidity. 
The robot can operate at a depth of 100 feet, but for a specific operation, it must 
be able to go down 300 feet. To make sure that these sorts of missions are feasible, it is 
necessary to check the hull deflection. The finite element method has been used to 
calculate these simulations. 
A larger hull with ballast tanks has greater positive buoyancy. The vehicle must 
be neutrally buoyant to control it more easily. Certainly some lead will be added to 
increase the weight, and some water will be needed to achieve neutral buoyancy. The 
report presents a summary of this calculation. 
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IV. GENERAL DESIGN 
Propellers and bracket 
Fins 
Figure 4.0.1: AUV robot shaded 
Figure 4.1 shows the general design ofthe AUV. 
Why was this shape chosen: A large number of underwater vehicles exist. Most of 
them use a design based on a cylindrical shape. Because the Phoenix has vertical and 
horizontal cross-body thrusters, a cylindrical design would disable thruster mounting. 
Moreover, it's easy to assemble the different components inside a parallelepiped 
shape because less space is lost. The AUV Phoenix can be recognized by its 
particular shape. 
Ballast tanks 




computers, and electrical 
stuff 
Table 4-1: Main characteristics for the new boat: 
NPS - Aluminum Hull (fitted out 500 lbs.) 
--
AUV 
- Electrically Powered for Mission of Approximately 3-4 Hrs 
--
Design - Nominal Operating Depth is 100 feet ( Max depth : 300 ft) 
- Maximum Transit Speed 4 Knots 
- Can Both Transit or Hover 
Actuators - Twin rears screws for transit propulsion and longitudinal station 
keeping in waves 
- Six independently controlled fins for flight maneuvering 
- Four cross-body thrusters for slow speed I hovering control to 
inspect I classify submerged target (bigger thruster size than in 
the previous AUV) 
- Two computers controlled ballast tanks to allow the vehicle to 
rest on the bottom for collection of environmental data 
Navigation 
-
Solid state INS suite with magnetic compass 
- Doppler sonar 
- DGPS for correction at the surface 
- Short base line acoustic net 
Sonar - Tritech ST 725 sonar (obstacle avoidance I navigation) 
--
-
Tritech ST 1000 profiling sonar (target identification) 
- Doppler sonar RDI (ground I water speed) 
- SonTek velocimeter (wave characteristic identification) 
Coml!_uters - Two onboard networked PC 1 04 Pentium processors for mission 
control, sensor I actuator coordination and data storage 
Communications 
- Radio links to shore while surfaced 
- Acoustic link while submerged (Low Bandwidth) 
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V. Fin assembly 
Fin guard 
Fin 
Figure 5.1: Fin assembly shaded 
Fin servo can 
body 
Fin can cap 
This assembly is composed of fin, fin guard, fin shaft, fin servo can body, fin can cap, 
servomotor, two supports for the servomotor and a connection between the shaft and the 
servomotor . 
. The watertight integrity is crucial: proper seals and 0-Rings assure it. In addition, the 
assembly is enclosed in a hermetic can. So ir' the 0-Rings can't perform their task, the 
water floods the can only, not the vehicle interior. 
On the new boat, a rigid guard is set up to protect the fin during the missions. 
Moreover, since the AUV is able to sit on the ocean bottom, the guard will protect the 
fins during this operation. 
Fin Guard Bracket ---
--
Servo Bracket (Front) ---~ · 
// 
..- Existing Hul 
' r-- Fin Servo Can Body 
/ 
~-- Fin Ser;o Can Body 




Fin Can Assembly 
Figure 5.2: Sectional drawing of the fin assembly 
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6-32 FlatHead Screw 0. 75" Long 
Thruster End C~p 
i 
Thruster Seal Ring 
0-Ring Requred: AS 568·252 (5.5" CD X 118") 
Thruster Assembly 
Figure 6.1: Sectional drawing of the thruster tube I hull interface 
The bladed thrusters are the essential elements of improved vehicle positioning 
systems. With automatic position control, the thrusters enable important scientific and 
industrial tasks such as automatic docking, station keeping, precise surveying, inspection, 
sample gathering and manipulation. 
As for the fin assembly, 0-Rings are used to assure the watertight integrity. But 
here, they are a static utilization. The 0-Ring and table given by the provider determine 
the dimensions of the groove. 
Characteristics of the thruster used are summarized in the following table. 
Table 6-1: Thruster characteristics 
Thruster Company: TECNADYNE 
Mode/250 145 VDC, 1.9 A power 
Maximum trust: 12lbf(forward), 6 lbf(backward) 
Maximum depth: 2500 ft 
+ 12 V electronics power 
+5 V command signal 
Weight: 2.0 lb. in air 1.5 lb. in water 
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VII. PROPULSION ASSEMBLY 
The AUV Phoenix had some propulsion problems. Especially to insure that the 
propulsion system was waterproof. A new shaft seal design was developed. Several 
choices were possible. The following section presents the different solutions and the final 
design in detail. 
A. LIST OF THE FEASABLE SOLUTION: 
• First solution: 
• It's possible to find a device named " pillow blocks" where the bearing is already 
mounted in a block. However these devices are not designed specifically to resist 
high pressure. So, if this solution is chosen, it will be necessary to find a means 
to warrant the watertight integrity. Moreover, it's very important to reduce the 
friction to optimize the robot control. This solution wasn't chosen. 
• Second solution: 
• Bearing utilization seems to be the right solution. However many mountings are 
available for this application. 
Mounting name: "0" 
Stop bearing 
/ 
Mounting name: "X" Stop bearing 
tor•• 
··• •.. . ... ·· 
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Mounting name: "Classic" 
Stop bearing 
Figure 7.1: Typical mounting for bearings 
These mountings present both advantages and disadvantages: They are 
summarized in the following chart. 
Table 7-1: Advantages I Disadvantages of the bearing mountings 
Mounting name Advantages Disadvantages Application 
- Thrust is accepted - The coaxiality must be 
- recommended when 
"0" 
-
Centers distance is very good instability is a problem 
bigger 
- It's not necessary to have 
-Doesn't accept instability 
- Used only when the 
"X" a very good coaxiality bearing centers must be 
very close 
"Classic" 
-Easy to assemble 
- Doesn't accept an 
- Used in the majority of 
important thrust the case 
Our application requires a very good alignment. So, the first solution, with "0" 
mounting, was chosen. 
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B. EXPLANATION CONCERNING THE DESIGN OF THE 
SHAFT GUIDE 
To allow an easier dismantling, the bearings have been put together inside a box 
(bearing propeller can). The shaft guiding can be mounted outside the other robot 
components, so this system is easily maintained. 
To give good watertight integrity, two sorts of seals are used. The purpose of the 
first one is to prevent impurities entering the chamber. Both 0-Rings prevent penetration 
of water inside the robot. Furthermore, we chose special bearings, which reduce friction. 
For example, the same types of bearings are used in Roller-blade wheels. 
[ ... / .. 
Propeller Shaft 
(To Be Bulit later} 
0.875" 0.0. Bearings 
Boca Bearing SR6·5ZZ 
Existing Hull 






·· ........... .J 
Shaft Housing Assembly 
(Side VIew) 
Figure 7.2: Sectional drawing of the bearing assembly (side view) 
As shown on the picture, we can see that the distance between the last bearing and 
the propeller is large. The third bearing is added to the assembly in the seal can. The 
purpose of this bearing is to avoid vibrations. (Which might eventually allow water to 
enter the robot). Since the bearing may increase the friction, future testing will evaluate 
the necessity of this third bearing. 
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Shaft Housing Assembly 
(Top View) 
Figure 7.3: Sectional drawing of the bearing assembly (top view) 
To maximize watertight integrity, the motor has been sailed in a can. Figure 7.3 




Figure 7.4: Propulsion assembly 
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VIII- NOSE ASSEMBLY 
The nose is equipped with a large number of sensors (RDI Doppler, ADV 
Doppler, camera, etc). These sensors are installed both on the top and on the bottom of 
the vehicle. The RDI needs to be set up on the bottom and nothing must interfere with the 
beam, so the RDI head is underneath the robot. However the new boat has the ability to 
rest on the ocean bottom. So, during grounding the RDI will have to retractable to be 
protected. The following paragraphs present the complete approach implemented to solve 
this problem. 
A. PROBLEM STATEMENT 
The RDI need to be protected during the soft grounding. To perform this task, 
many solutions are available. Protection and retraction are the main strategies. The 
following is a list of solutions at this problem. 
B. SOLUTION LIST 
It is possible to use actuator to move the sensor. The following figures present the 
different systems using actuators: 
./ Solution I Schematic Representation: 
,•••a/ . . 
. . 
.·....... .. . 
Explanation: A linear actuator }< .. ·· ~ · •:
translates a cam. The cam incline • 
moves the RDI support vertically. 
~----,....:::fv 
~ Lo ........ ~L..-...... __,_ •• : ----J o-







v" Solution 2 Schematic Representation:: 
Explanation: a motor coupled with a gear 
vertically moves the RDI support. The RDI 
support is fixed with a rack rail. 
v" Solution 3 Schematic Representation: 
Explanation: The linear actuator 
moves two push roads. Joint 








The following drafts present some solutions, which don't use an actuator. 
v" Solution 4 Schematic Representatio 
Explanation: The RDI support 
is guided vertically by the nose 
support. When the Robot touchs 
the ground, the RDI moves and 
retracts into the nose box. In 
normal operation, a spring 






Solution 5 Schematic Representation: 
A very simple solution would use only fixed protections, which surround the RDI. 
They must be positioned to avoid interfering with the beams. It will be the cheapest 
possibility to solve the problem. 
Figure 8.1: Solution listing concerning the movement of the RDI 
C. SOLUTION SORTING 
Level 5: Good solution 
Level 1: Bad solution 
Criterion 












Table 8-1: Solution sorting 
Ability to 
keep a Reliability Cost 
stable 
position (x3) (x2) 
(x4) 
4 3 I 
3 2 2 
3 2 2 
l l 3 














The results indicate an optimal solution. It's necessary to weight the criteria by 
their importance. 
For example, The protection level is primary. So, we will multiply it by 5. Other 
very important criterion is to warranty a stable position. If the RDI could move, the 
accuracy of the sample will be very low. So, the weight for this will be 4. 
Protection level 










In applying this weight, the following results are calculated: 
Table 8.2 
Table 8-2: Solution summarized 
Solution Score 
Solution: I 56 
Solution: 2 49 
Solution: 3 49 
Solution: 4 36 
Solution: 5 46 
Although the first solution is the most expensive, it was evaluated to study its 
feasibility. The solutions 4 & 5 are also evaluated to allow a bigger choice. Designs for 
these solutions were made with I-DEAS. Solution 1 appears to be the best. 
1. Development of the solution number 1 
The pictures below show the design of the assembly. 
Sonar Tritech: 
ST725 
Figure 8. 2: Nose assembly shaded top view 
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Desig11 e.xplallatioll: A linear actuator pushes the cam that is guided by a rail. A 
slot machined in the cam guides the RDI support that is itself guided by the nose sheet. 
The groove uses Teflon® to reduce the friction between the rail and the RDI support. 
To validate the design a study has been performed using I-DEAS. The mechanism 
design part of I-DEAS has been used. The fol1owing text explains the main steps. 
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o Solution validation: 
To verify the good functionality, the mechanism movement was simulated. 
·· .... 
. .. 
... / / 
Figure 8.4: Nose assembly wired with joint 
Joint recapitulation: 
• Translational joint between the cam and the sheet nose (Joint 1) 
• Translational joint between the cam and the RDI support (Joint 2) 
• Translational joint between the RDI support and the sheet nose (Joint 3) 
The joint number 1 is the entrance binding. For the simulation the equation of the 
liaison motive is: 
D=j4sin(l80*t) I 
This formula constrains the displacement only. The linear actuator has a 4 inch stroke 













E ~ 1.5 
ro 
c. 
-~ 0 1 
Amplitude depfacementjoint number 1 
OL-----~-----L----~------L-----J------L-----~ 
0 0.5 1 1.5 2 2.5 3 3.5 
lime in seconde 
Figure 8.5: Diagram of the displacement of the entrance joint 
This kind of displacement allows for a continuous movement, and the difference 
between RDI weight and resistance due to the friction did not oppose the force of the 
actuator significantly. This simulation confi1ms that the linear actuator force is large 
enough and that the system doesn't interfere with any nose components. 
Figure 8.6: Nose assembly with the RDI in low position 
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2. Development of solution number 4 
Summary: Solution 4 allows to the RDI to move but without an actuator. The RDI 
is moved using the ground action when the robot sits down on the ocean floor. Only a 
spring, set up inside the rail, controls the position of the RDI when the AUV is in 
mission. The same technical solution for the RDI guiding is used here as it was in 
solution number I. The only difference is that the rail of the RDI has a stop to secure the 
system. Figure 8. 7 shows the design. 
Guiding rail with stop at 
the both extremity 
RDI protection 
Figure 8.7: Design of the solution 4 
The RDI is protected from damage by the RDI protection. This design does not disturb 
the RDI beams. You may find in the appendix more details concerning the RDI 
characteristics. 
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3. Development of the solution 5 
Summary: Solution 5 consists only of a rigid frame that surrounds the RDI. Of 
course this frame permits at the RDI to work well, without interference with the beams. 
AD V: Acoustic sonar 
Doppler Velocimeter 
Figure 8.8: RDI protection final solution 
Switch can: It controls the 
power and turns on different 
AUV systems 
Sonar St 725 
D. CONCLUSION CONCERNING THE RDI PROTECTION 
DESIGN 
The previous paragraph shows that three solutions can be used to protect the RDI. 
The first one is the safest solution but also the most expensive. So, for this version of the 
AUV, the sensor will be fixed on the sheet nose and protected only by .a rigid frame. 
Future versions may incorporate other solution to this problem. 
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IX• BALLAST SYSTEM 
A. INTRODUCTION 
Energy storage is very limited in AUV's. To assist with energy management, data 
gathering missions have been proposed where the vehicle should sit on the bottom and 
gather acoustic I video I chemical data o'ver extended periods of time. In this grounding 
scenario, thrusters may be use. However, they're two disadvantages to this method: high-
energy consumption and restricted use close to ocean bottom. To minimize energy 
consumption, water ballast may be used. The ballast system is designed to control weight 
addition into or out of the two ballast tanks. Figure 4.2 shows the position of the ballast 
tank. One is in the front of the AUV and the other in the aft. This report only discusses 
the hardware components of the ballast system. 
B. HARDWARE PROPOSITION 
The hardware components proposed are shown in figure 9 .1. 
(4) 
(1): Pump: Shaft turnning in one direction 
(2): Valve: (for connection, three-position, 
spring centered, solenoid-control) 
(3): Pressure relief 
(4): Ballast tank 
(5): Water 
(6): Filter 
(7): Sensor measuring the water level inside 
the tank 
Water 
Figure 9. 1: Hydraulic diagram of the ballast system: 
26 
The pump provides continuous water delivery with its positive displacement, 3-
chamber diaphragm. Its maximum capacity is 1.75 gpm using 12 nominal DC voltage. 
Since the pump works only one way, a four connection, three-position, spring-centered, 
solenoid-control valve is used to pump water both into and out of the tank. The software 
part of this system requires knowing the level water very accurately. (See [Beyazay 99] 
for more information about the software part). Several devices can be used to calculate 
the water level. The following paragraph explains the different possibilities. On the 
scheme, we also see a pressure relief that protects the pump and the valve in case of 
component malfunction. 
C. LEVEL MESUREMENT 
To measure the level in the ballast tank, two kinds of sensors can be used. It's 
possible to use a flowmeter sensor to calculate the expected level or to directly measure 
level using a level sensor. 
1. Flowmeter sensors 
For instance, it's possible to connect at the hydraulic circuitry different kind of 
flow meter~ Different provider offer three types of flow measurement products 
Vortex, 
Electromagnetic, 
And differential pressure. 
)> Vortex: This method is based on technology known as vortex shedding. A bluff 
body in a pipeline causes the formation of alternating vortices behind the body. 
The frequency of the vortices is linear with the velocity of the fluid. The output of 
a vortex flowmeter depends on the K-factor. The K-factor relates the frequency of 





The K-factor varies with Renolds number, but it's virtually constant over a broad 
flow range. 
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)> Electromagnetic transmitter: This method is based on Faraday's law of 
electromagnetic induction. A conductive liquid moving through a magnetic field 
induces a voltage proportional to the velocity of the conductor. 
Faraday's law: E=kBDV. The magnitude of the induced voltage E is directly 
proportional to the velocity of the conductor V, conductor width D, and the 
strength of the magnetic field D. Figure underneath illustrates the relationship 
between the physical components of the magnetic flowmeter and Faraday's law. 
Magnetic field coils placed on opposite sides of the pipe generate a magnetic 
field. As the conductive process liquid moves through the field with average 
velocity V, electrodes sense the induced voltage. The width of the conductor is 
represented by the distance between electrodes. An insulating liner prevents the 
signal from shorting to the pipe wall. The only variable in this application of 
Faraday's law is the velocity of the conductive liquid V because field strength is 
controlled constant and electrode spacing is fixed. Therefore, the output voltage E 
is directly proportional to liquid velocity, resulting in the inherently linear output 
of a magnetic flowmeter. 
Figure 9.2: Cutaway view of the model 8705 magnetic flowmeter 
)> Differential pressure: This method relies on the difference in pressure that exists 
on either side of a restriction in a confined fluid stream. This flowmeter is based 
on DP flow measurement technology. A DP is generated across a pipe. The DP 
signal generated is proportional to the flow rate in accordance with Bernoulli's 
h Vl
2 
PI V2 2 P2 Tl . . . I . h t eo rem: --+-= --+-. us prmctp e IS more accurate t an vortex 
2gc p 2gc p 
measurement. 
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2. Level sensors 
To measure the level in the ballast tanks, it's possible too to use a pressure 
transmitter or a radar gauge. 
Operation concerning the pressure transmitter: When process pressure is applied, 
the isolating diaphragm is displaced, transmitting the measured pressure through the 
filled system to the sensing diaphragm. This pressure displaces the sensing diaphragm in 
the sensor cell, creating a differential capacitance between the diaphragm and the 
capacitor plates are converted to digital data for correction and linearization in the 
microprocessor. 
The following relation gives the level: 
DP 
Level=----------+ Transmitter height 
(Density x Gravity) 
But to measure the level, it's also possible to use a radar gauge. But this solution 
seems less accurate than the others do. 
3. Conclusion of the documentation 
The sensor must have a permanent data exchange with the computer heading the 
robot, because the ballast control is operated thanks to dynamic control in real time. 
In a first time, it's necessary to illuminate the solution using the vortex 
measurement and the radar. These solutions do not have enough accuracy. The pump 
flow being very weak, the solutions employing a flow measurement are less accurate. So, 
it seems that it will be better to use a pressure transmitter 
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D. SUMMARY OF THE HARDWARE PROPOSITION 
This paragraph presents the materiel that will be able to used and the manufacturers . 
./ Concerning the pump: Main characteristic: 
Figure 9. 3: Picture ofthe pump 
8000 Series Water Delivery Pumps 
• Voltages 12 VDC, 24 VDC 
• Automatic demand 
• Flows up to 1.5 GPM- self priming 
• Used in delivery and transfer applications that require 1.5 GPM or less 
• Selected models include an internal bypass feature which reduces cycling 
in certain low volume 
• applications 
• Pressure ratings up to 1 00 PSI available 
• Consumption (max value): 7.5 amps 
• One way continuous water delivery 
• This pump has got 3 chamber diaphragms 
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./ Concerning the sensor to measure the level in the tank: 
The previous part concludes that it will be preferable to use a device employing the 
pressure to measure the level in order to increase the accuracy. Several providers propose 








Control Output Field Wiring 
Level 
Controller 
Figure 9.4: Explanation of the functioning of the pressure sensor 
Explanation o[the level control: 
The Model 3095 Multivariable Level Controller differs from a standard transmitter in 
that the 4-20 rnA output is a control output, not a differential pressure (DP) output. 
The multivariable sensor measures the process differential pressure, converts this 
measurement to level, and compares the calculated level with a user-selected setpoint. 
(The setpoint is the desired process value at which the user wishes to maintain (control) 
the process.) The error between the setpoint and the calculated level is fed into a 
Proportional/Integral/Derivative (PID) algorithm to initiate a control action. The 
controller can also provide P (Porportional), PI (Proportional/Integral), or PD 
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(Proportional/Derivative) loop control. Figure 2 is a block diagram illustrating the 
method used for level control. The Level Controller output is a 4-20 rnA analog signal 
that is used by a final control element such as a valve. (see Figure right below). The 







tank level matches the entered setpoint. 
4-20 mA Control 
Output Final 
l--___;:..__ _ _.,.. Control 
Element 
Figure 9.5: Level control bloc diagram for the level measurement 
./ Concerning the valves regulating the level in the tank: 
The pump turning only in one way, it's necessary to have got a special valve to 
inverse the flow. So, the valve must have for connexion, three position, spring 
centered, solenoid-control. Numerous providers dispose of this kind of material but 
the most known is PARKER®. The characteristic of this material can be find on the 
net: http\\www.parker.com. The choice will be done in considering the flow provided 
by the pump and of course of the maximum pressure. 
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X- STRUCTURAL ANALYSIS 
As discussed earlier, the robot designed to operate in shallow water. So, the depth 
of typical mission shouldn't be over 100 feet. But, it must be able to go at a maximum of 
300 feet. This structural analysis is necessary to check whether the AUV can act at this 
depth without any leak occurred. The vehicle has been designed with very large plate in 
order to allow easier the reparation. But with the pressure, the water will be able to get in 
the vehicle in passing at the interface between the hull and the different plates. This study 
performed thanks to the simulation part ofl-DEAS. 
Before explaining the different step of the analysis, It's important to describe the 
material used. This topic is discussed in the following paragraph. 
A. MATERIAL SPECIFICATION 
Why to have choose aluminum for the Hull? 
The main reason can be ranked in several topics: 
Economical to use: Cost per pound is advantageous, aluminum gives you about three 
times as much volume of metal per pound as steel, brass, nickel or copper. 
Easy to work with: Aluminum can be fabricated economically by all the common 
processes a big help in making a product data a competitive cost. For example to built 
the robot hull, it's feasible to bend ant to weld aluminum. 
Saves weight: Aluminum weights far less than many other metals (i.e. has light 
weight for same volume) 
Resistance to corrosion: Aluminum needs no protection m most ordinary 
environments 
Alloys lend versatility: Many different combinations of properties are available in 
standard and special aluminum alloys 
Engineering data are available: A great store of information on how to design for 
aluminum, how to fabricate it and how to use it can be obtained through many books 
and articles. 
For our application the aluminum 6061 was chosen since it is easy to weld and bend. 
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This table right underneath summarizes its main characteristics. 
Table 10-1: Aluminum properties 
Propriety Value Unit 
Modulus of elasticity 10.0 X 10° PSI 
Endurance limit (Fatigue) 13,000 PSI 
Shearing strength (Shear) 24,000 PSI 
Brinell Number 500kg load 10 ball (mm Hardness) 30 
Ultimate strength 35,000 PSI 
Yield strength 21,000 PSI 
Specific gravity 2.70 
Weight 0.098 Lbs./cu in. 
Melting range Approximate op 1100-1205 op 
This table displays the nominal composition: 
Table 10-2: Aluminum composition 
Alloy Per cent alloying elements and normal impurities constitute remainder 
Silicon Copper Magnesium Chromium 
6061 0.6 0.25 1.0 0.06 
B. PRESSURE CALCULATION 
The first task to perform is to calculate the maximal hydrostatic pressure acting on the 
hull. This pressure has been calculated for salt water and for a depth of 300 feet. 
Of course the pressure depends of the water density, gravity force and depth. The 
density for salt water change in function of depth. In [3] the maximum global variation of 
seawater density at the surface of the ocean is given as 63.6 lb/fe to 64.2 lb/ft3· This 
range of densities is an average for the oceans worldwide, encompassing salinity changes 
and temperatures changes. At increasing depth, seawater density is controlled by 
compression of the seawater because temperature and salinity approach a constant value. 
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The maximum sea water density is for example 66.6 lb/ft3 at 30,000 feet. For the 








g=9.81 m/s2 = 386.2197 in/s2 h=300 ft 
Finally: P=133 PSI 
C. SUMMARY OF THE STEPS 
1. First study 
The shape of the vehicle is very unusual. The AUV is separated in several 
compartments. It's possible to distingue the front, the aft and the central part. 
~-~l'(f~i =r=: =' - ---~=--~ "'--1·l::·:-J~==- rlt;;sr~~~~~·-1) 
...... ,~.;.:;:;;~7.~t;;;;j~;.;?.~:~~[~~=·=r:JL~~·: ···-··-.. ·· · ..... ·· · ··· ··- --- --· ·· - J. ~;;~;u:c-:7~~~~~- ..... ;! 
Aft Central Part I Front I 
Figure 10.1: Hull side view 
The aft is made thanks to a block of aluminum. Furthermore, the tank and the 
thruster tubes stiffen the structure. So, it's not worth checking the deflection due to the 
pressure. The front part is also stiffened by the thruster tubes and ballast tank. It's not 
necessary to study the deformation and the strain. However, the central part is susceptible 
to bending under high pressure. 
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Initially, we studied the deformation that corresponds at the exact dimension of 
the hull. The results are displayed below. 
/vault4/sgaribal/hull_mesh_v1.mf1 RESULTS: 2- B.C. 1,STRESS_2,LOAD SET 1 
STRESS - VON MISES MIN: O.OOE+OO MAX: 1.37E+05 
DErORMATION: 1- B.C. 1,DISPLACEMENT_1,LOAD SET 1 
DISPLACEMENT -MAG MIN: O.OOE+OO MAX: 7.67£-01 
rRAME Or REF: PART 
Figure 10.2: Hull deformation (first study) 
VALUE OPTION:ACTUAL 










For this simulation the model uses shell elements for the meshing. The both 
extremity of the "can" have been embedded. The pressure of 133 PSI surrounds the hull. 
The thickness is of0.25 inch. 
Results: The maximum deformation in the middle of the hull is very important 
and is 7.67e-1 inch. The maximum stress given by the Von Misses equations is 1.37e+5 
PSI. These values are too high to be supported by the material. Then, it's necessary to 
check this deformation with a more accurate model. This part is discussed in the 
following paragraph. 
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The hull like the center hatch plate is symmetric, so it's possible to study only Y4 
of the block. This time the model corresponds at the reality with the presence of the 
shoulder that support the center hatch plate. It's possible to get more detail on the 
following figure. 
/vault4/sgaribal/hull_~esh_v4.~f1 RESULTS: 2- B.C. 1,STRESS_2,LO~D SET 1 
STRESS - VON MISES MIN: 3.51E+02 M~X: 1.77E+05 
DErORM~TION: 1- B.C. 1,DISPL~CEMENT_1,LO~D SET 1 
DISPLACEMENT - HAG HIH: O.OOE+OO MAX: 1.58E-01 
FR~HE OF REf: PART 
Figure 10.4: Hull deform':tion (accurate model) 
VALUE OPTION:~CTU~L 










To reduce the time of calculation, shell elements were used instead of 30 mesh. 
The hole for the fixation of the center hatch plate can move only in following Y -axis. The 
hypothesis that the main door of the robot doesn't deform along X and Z axis is not 
totally true but inaccuracy due to that didn't gives any significant errors. 
The maximal values are: 
For the deformation: 4.70e"01 inch 
For the stress: 6.01e+os PSI. 
These values are .totally unacceptable, it was necessary to find a way to solve this 
problem. The following part presents the different feasible solutions. 
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2. Second study using a more accurate model 
So, a first step consists to analyze the center hatch plate to know whether it can 
resist at the pressure. 
• The displacement are fixed on the edges of the plate, 
• Pressure is applied on the outside surface, 
• Pressure is applied on the contact surface of the vent hatch. 
The meshing uses 3D tetragonal elements because the shape of the plate doesn't 
match with only shell elements. The pressure of 133 PSI has been loaded on the plate. To 
replace the pressure loading the vent hatch, the model has been charged by a total force 
equivalent at the force due to the depth. 
RESULTS: 2- B.C. 1,STRESS_2,LOAD SET 1 /vaul t4/sgaribal/platl!_m,.si'Lv5 .mf1 
STRESS -VON MISES MIN: 2.05£+02 MAX: 1.51E+04 
DEFORMATION: 1- B.C. 1,DISPLACEMENT_1,LOAD SET 1 
DISPLACEMENT - MAG MIN: O.OOE+OO MAX: 1.06E-02 







Figure 10.3: Simulation of the resistance of the center hatch plate 
Results: The maximum stress is 2~64E+04 PSI. The material admits this value. So we can 
conclude that it's necessary to check with an accurate model the design of the hull. 
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3. Strengthening of the hull 
At the moment of the study, the hull was already made. So, it was difficult to 
change the general design or to weld pieces to increase the stiffness. The only way is to 
add sheet or beam well positioned to solve the problem. But, many components such as 
the computer and batteries are installed inside the hull. The volume. is limited and it's 
hard to fit all the hardware in the compartment. So, the reinforcements cannot be too 
voluminous. 
The first solution is to set up several cylindrical beams positioned to resist at the 
hull's deformation. These strengthening pieces are installed in front of the batteries. (See 
the figure underneath) 
Figure 10.5: Visualization of the reinforcement inside the hull 
The reinforcements have been disposed under the shoulder that support the center 
hatch plate. This shoulder is welded with only one seam. It's necessary to warranty that it 
will be pulled out. 
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A new simulation was performed to validate or to invalidate this solution. The 
simulation asking a long time, a simple model has been used. The figure underneath 
shows it. 
/vault4/sgaribal/hull_~esh_v5.~f1 RESULTS: 2- B.C. 1,STRESS_2,LOAD SET 1 
STRESS - VON MISES MIN: O.OOE+OO MAX: 1.34E+05 
DEfORMATION: 1~ B.C. 1,DISPLACEMENT_1,LOAD SET 1 
DISPLACEMENT - MAG MIN: O.OOE+OO MAX: 4.45E-01 
fRAME Of REf: PART 
Figure 10.6: Results to the simulation of the first solution. 
VALUE OPTION:ACTUAL 












For this simulation, shell elements have been used. The sides containing the 
ballast tank wall have been embedded. The pressure of 13 3 PSI surrounds the hull. 
The maximal values are very important especially for the stress. The constraint 
equivalent given by the equations of Von Mises is 1.34E+os PSI. This value is 4 times 
larger than the limit strength. This solution is not adequate to sole this problem. 
The next step is to check the ultimate depth that the hull will be able to support. 
This calculation was performed by iteration until find the limit value. 
Finally, tfte limit value found is 50 PSL Tltis value corresponds at a depth of 
more than 100 feet. This solution may be used. 
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The second solution is to use a plate positioned in front the batteries. The plate, 
set up vertically, must be removable to maintain the vehicle. The first study of this 
solution has been made on the center hatch plate. The figure below show the results. 
RESULTS: 2- B.C. 1,STRESS_2,LOAD SET 1 /vault4/sgaribal/plat~_mesh_v4.mf1 
STRESS- VON HISES MIN: O.OOE+OO MAX: 7.85E+03 
DEFORMATION: 1- B.C. 1,DISPLACEHENT_1,LOAO SET 1 
DISPLACEMENT - HAG MIN: O.OOE+OO MAX: 4.26E-03 
FRAME Of REF: PART VALUE OPTION:ACTUAL 
7 .85E+03 
6.28E+O-
Figure 10.7: Center hatch plate deformation with plate's reinforcement 
Hypothesis: 
• The edges of the plate are fixed in displacement, 
• The location of the plate for the reinforcement are fixed too, 
• The model is loaded with 133 PSI, 
• 3D elements have been chosen for the simulation. 
The results show that this model can describes an increase the stiffness. The 
deflection is very low, only 0.022 inch. The maximum stress is of 17,300 PSI. This value 
is acceptable. A study of the hull showed that both plates are not enough to resist at the 
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pressure of 133 PSI. So, a study very similar at this one did for the solution number 1 has 
been made. The different iterations show that the robot can go at more than I 00 feet 
without damage. 
A third solution will be to weld some ribs inside the robot. This solution is more 
expensive but will be able to give better results. A simulation has been performed, the 
results are shown below. 
/vault4/sgaribal/hull_mesh_v6.mf1 RESULTS: 2- B.C. 1,STRESS_2,LOAD SET 1 
STRESS- VON HISES Hill: 6.15E-02 MAX: 2.79E+04 
. DEFORMATION: 1- B.C. 1,DISPLACEMEHT_1,LOAD SET 1 
DISPLACEMENT - HAG MIN: O.OOE+OO MAX: 9.09E-02 
FRAME OF REF: PART VALUE OPTIOII :ACTUI'lL 
........ 
Stiffness ribs: the 
same nervures are 
welded all around 
the hull. 











In analyzing the results, it's possible to tell that it's certainly the best solution. 
The displacement are very low and the stress too. But this solution is more difficult to 
machine, and more expensive too. 
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D. CONCLUSION OF THE STRESS ANALYSIS 
A study of the stress was necessary to check whether the vehicle is able to go at a 
depth of300 feet. Important deflections could allow at the water to enter in the vehicle in 
damaged the electronic components. Furthermore, when the vehicle sinks the hull is 
deforming. The buoyancy decreases, so the weight increases. So, large mistakes in the 
AUV location could appear. To solve this problem, it's paramount to increase the 
stiffness of the hull. 
The previous study showed that the best solution is to weld ribs all around the 
hull. This solution is expensive and long to implement. The robot must be ready in 
October 1999. So, in the first time only aluminum plate will be added, and the robot will 
go only at a maximal depth of 100 feet. This depth corresponds at a pressure of about 50-
PSI. 
Remark: During the construction of the hull at the machine shop, a pressure of 40 
PSI has been applied within the hull. A deflection of 0.5 inch has been measured. A 
calculation implemented on I-DEAS allowed us to check whether the hypothesis chosen 
were corrects. In using I-DEAS we found a deflection of 0.6 inch. This result is 
approximately similar to the experiment. The hypothesis are consistants. 
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XI- GRAVITY AND BUOYANCY CALCULATION 
A weight and buoyancy summary is required to produce a balanced vehicle. The 
weight and buoyancy of all the piece of equipment and material that make up the AUV 
were obtained from manufacturer's data or estimated thanks to I-DEAS. Before to 
calculate this data, it was necessary to assemble virtually the vehicle. This step has been 
executed thanks to I-DEAS. The following paragraph present in which logic the robot has 
been assembled. 
A. LIST OF THE PIECES AND ASSEMBLING 
Thanks to I-DEAS, an assembling of every piece has been realized. This 
mounting corresponds at the reality. Many pieces can be put together outside the robot 
and after get in this one. The hierarchy chosen is the following: 
Main assembly 
c::J Fin assembly 
D Thruster assembly 
Motor cans assembly 
Nose assembly 
n RDI assembly Switches can assembly 
Bearings can assembly 
Components assembly 
= C=:l 
D Ballast system assembly Computer assembling Electrical assembly 
To get a best conviviality, a numeration system has been implemented. These 
numbers depend of the assembly, sub-assembly and of course ofthe piece. 
Numeration explanation: 
AUV- - -





For example: AUV-02-03-09: This number correspond to the piece number 9 of 
the sub-assembly number 3 and of the assembly number 2. 
Table 11-1: Summary of the components of the robot 
Name Number Quantity Provider 
Main Assembly A UV-00-00-00 I 
Hull AUV -00-00-0 l l 
Center hatch plate AUV -00-00-02 l 
Front hatch plate AUV-00-00-03 l 
Rear hatch plate AUV -00-00-04 l 
Tank cap A UV -00-00-05 2 
Center cap (vent hatch) A UV -00-00-06 l 
Nose A UV -00-00-07 l 
Fin assembly AUV-01-00-00 6 
Fin AUV-Ol-00-01 6 
Fin shaft A UV -0 I-00-02 6 
Fin servo can body AUV-01-00-03 6 
Fin can cap AUV -0 l-00-04 6 
Fin guard bracket AUV-01-00-05 6 
Servo-motor 6 
Vertical thruster assembly A UV-02-00-00 2 
Thruster end cap AUV-02-00-0l 2 
Thruster tube AUV-02-00-02 2 
DC brushless thruster 2 Tecnadyne 
Horizontal thruster tubes A UV-03-00-00 2 
Thruster end cap AUV-03-00-01 2 
Thruster tube AUV-03-00-02 2 
DC brushless thruster Tecnadyne 
Propulsion motor can assembly A UV-04-00-00 2 
Motor can A UV -04-00-0 I 2 
Motor can cap A UV -04-00-02 2 
Motor flange A UV -04-00-03 2 
Shaft connection AUV-04-00-04 2 
Motor propeller 2 ELCOM 
Propeller assembly A UV-0$-00-00 2 
Right propeller AUV-05-00-01 1 
Left propeller AUV-05-00-02 I 
Propeller bracket AUV-05-00-03 1 
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Bearing call assembly A UV-06-00-00 
Propeller bearing can AUV -06-00-01 2 
Propeller seal can AUV-06-00-02 2 
Shaft collar AUV-06-00-03 2 
Propeller shaft AUV-06-00-04 2 
Bearing 4 BOCA 
Nose assembly A UV-07-00-00 
Sheet nose AUV-07-00-01 1 
Support sheet A UV -07-00-02 4 
Interface nose/robot AUV-07-00-03 1 
RDI bracket A UV -07-00-04 I 
Sonar fixation AUV-07-00-05 I 
ADV Fixation AUV-07-00-06 I 
RDI sandwich AUV-07-00-07 I 
ADV 1 
Sonar ST 725 I 
RDI I 
Switch can assembly AUV-07-01-00 1 
Switch can window AUV-07-01-0I 1 
Switch can top AUV-07-0I-02 1 
Switch can window ring AUV-07-01-03 I 
Switch can body AUV-07-01-04 I 
Switch can bottom AUV-07-01-05 I 
-
Compo11e11t assembly A UV-08-00-00 
Ballast assembly A UV-08-0 1-00 2 
Ballast pump / 2 
Valve 2 
Pressure relief 2 
Pressure sensor 2 
Hose + connector+filter 2 
Computer + electronic stuff 1 
Electricity part 
Support sheet 2 
Cross bar 6 
Batt erie 4 Lifeline Batterie I2 VDC 
Model GPL-Ul 
Wires+switches+ ... 1 
DGPS assembly A UV-08-02-00 
GPS antenna I 
GPS I 
Freewave antenna I 
Screws + meca stuff I 
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B. DEFINITIONS 
Center of buoyancy: The center of buoyancy is the line of action of all the 
buoyant forces on the immersed portion of he ship's hull. It passes through the geometric 
center of the underwater form, at which point it is called the center of buoyancy. The 
force of buoyancy acts vertically at this point, and, for a ship floating at rest, the weight 
of the ship acts vertically through or in the vertical line containing the center of 
buoyancy. It is generally identified by the letter B. Its vertical position is designated VCB 
and the longitudinal position LCB. 
Center o,[gravity: The center of gravity is the locus of all the gravitational forces 
of the entire ship. This center has the conventional meaning used in mechanics when used 
reference of the whole ship; i.e., it is the point at witch the sum of the moments of all the 
weights in the ship reference to any axis through this point is equal to zero. The center of 
gravity is generally indicated with the letter G. Its vertical position is designated VCG 
ant longitudinal position LCG. 
Displacement: The displacement is the weight of the water displaced by a body 
immersed or partly immersed in water. The buoyant forces accept normally to the surface 
of the water and is always numerically equal to the displacement. Weight is equal to the 
actual weight of the body. Note that if the body is floating freely, weight and 
displacement or buoyancy are equal. Under some submerged conditions, the weight and 
displacement are equal. Displaced volume is equal to the volume of water displaced by 
the immersed portion of the body. In a fully submerged submarine, the displaced volume 
can be changed only by altering the shape of the submarine. 
C. GRAVITY CENTER CALCULATION 
One of the numerous skills of I-DEAS is to calculate the position of the gravity 
center. It' s possible to define the material use for the piece and so to calculate the weight 
and the position of the principal axes of inertia. Equipment arrangements were made so 
that longitudinal centers of gravity (LCG) and vertical centers of gravity (VCG) could be 
obtained. A summary of this data is given in the appendix. The software gives only the 
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position of the gravity center for the piece designed on it. The calculation regrouping all 
of the components have to be done. The providers of the sensor give us the position of the 
gravity center for their products. 
The results are shown below: 
The calculation done by I-DEAS gives the following results: 
Weiglzt = 203 lb. 
X a = -66.5 inc!t. 
Ya= -1.27e-1 inclt. 
Za=0.321 inc!t. 
The position of the coordinate system is shown below. 
Coordinate system to 
calculate the position of 
the center of gravity 
Figure 11.1: Position of the coordinate system 
To know the overall weight is necessary to add the weight of the others 
components such as the thruster, the sensors, the pumps, the valves, etc. So, the following 
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calculation will be wrong due to the estimation done to know the precedent value. This 
calculation is done just to calculate the quantity of lead that will have to add at the robot. 
A quick calculation was performed to evaluate the value to add at the I-DEAS 
weight result. To increase the I-DEAS value of 60 lb. seems consistent. 
In order to calculate the point where the weight is applied, some hypothesis 
should be taken. For example the forces due to the weight of the electrical and computer 
are considered as being in the middle of the central part of the robot. It's the same thing 
concerning the thruster. This calculation will end at a big approximation. In a first time, it 
will be enough to see where add lead on the robot. An accurate calculation will be done 
when the different pieces will be machined or bought. 
Approximate Results: 
Weight global~ 260 lb. 
XG global ~-67 inclt. 
YGglobal ~ 0 
ZG global ~ negative value (tlte approximatioll are too large 
to give a colterent result) 
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D. BUOYANCY CALCULATION 
It's necessary to calculate the longitudinal centers of buoyancy (LCB) and the 
vertical centers of buoyancy (VCB) to compare this value to the LCG and VCG. 
The buoyancy calculation must be done for all the components in contact with the 
water. The main piece is of course the hull. The following paragraph presents the method 
performed to calculate the buoyancy value and the position of the buoyancy center. 
1. Buoyancy of the hull with the thruster tubes 
• The buoyancy value is pV with V the volume of the water displaced by the 
robot and p the density of the seawater. The hull' design is relatevely simple, 
the shape can be decomposed in several simple form like cylinder or 
parallelepipeds. So, it's easy to calculate the volume of the water displaced by 
the AUV. The overall value of buoyancy is: 
Bhu/1 = 458.9 lb. 
• Calculation of the position of the buoyancy center: The center is in fact the 
center of the water displaced. So, the outside shape of the hull has been drawn 
tanks to I-DEAS. And the software calculated the position of the center. In 
giving the density of the seawater at the calculator, we obtained too the value 
of the buoyancy. The values are: 
'·: 
... , .. ~ ~- .. 
.... "·-' :. 
Volume: V = 12575 inch3 
Density of the seawater: d = 9.6112e"5 lb.s2/inch4 . 
Mass: M = 1.20862 lb.s2/inch = 466.8 lb. 








Coordinate system to 
calculate the position 
of the center of 
buovancv 
Figure 11.2: Coordinate system for the calculus of the buoyancy of the hull 
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2. Buoyancy of the components in the robot's nose 
The nose is composed of several sensors and theirs devices to maintain them. To 
calculate the overall buoyancy, it's necessary to calculate the buoyancy of these pieces. 
The steps have been the same than to calculate the buoyancy of the hull. 
Summary of the results: 
• Volume: 653.4 incft3 
• Buoyancy: B = pV = (64.12 I 123) x 653.4 = 24.25/b. 
• Position of the buoyancy center: 
• XN=-20.326 in. 
• Y N=-0.022 in. 
• ZN=l.519 in. 
(This position is calculated using the coordinate system placed in the middle of the ring 
to tow the vehicle. It's the same orientation than the coordinate system employing to 
positioned the center of buoyancy of the hull) 
We have to consider to the buoyancy of the nose in fiberglass, the results are 
summarized below. 
• Volume: 81.06 inch3 
• Buoyancy: B = pV = (64.12 I 123) x 81.06 = 3.00 lb. 
• Position of the buoyancy center: 
• Xn=0.06 in. 
• Yn=l.l9 in. 
• Zn=-5.18 in. 
(The coordinate system being placed following the axis of the hole for the RDI) 
3. Buoyancy of the propeller 
Once again, I-DEAS has been used to provide these results. 
• For the volume of the both propellers: 8.30 inclz3 
• The total buoyancy for the both propellers is: 
B = pV= (64.12 I 123) X 8.30 = 0.165/b. 
• Position of the buoyancy center: It is in the middle of the hub's axis. 
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4. Buoyancy of the fin and fin bracket 
• Volume of the fin: V fin = 16.6 inch3 
• Calculus of the buoyancy: B fin= (64.12 I 123) x 16.6 = 0.616lb. 
• Volume of the fin bracket: V fin bracket= 8.68 inch3 
• Calculus of the buoyancy: B fin bracket= (64.12 I 123) x 8.68 = 0.322 lb. 
Total buoyancy for the fin and the fin bracket in counting the 6 assemblies: 
B total fin assembly= 6 X 0.616 + 6 X 0.322 = 5.63 lb. 
Concerning the position of the center of buoyancy for the fin assembly, the 
assembling being symmetric, this value was ignored. 
5. Conclusion concerning the buoyancy 
The overall value of the buoyancy is: 
B global = B hull + B components nose + B nose + B fin assembly + B propeller 
B = 466.8 + 24.25 + 3 + 5.63+ 0.165 ~ 500/b. 
This value has to be compared with the weight to determinate if the robot has 
neutral buoyancy like it's required. 
The position of the buoyancy center must be compared to the position of the 
gravity center to verify whether the trim of the robot is equal to zero. 
Note: The coordinated are calculated in regard of the coordinate system positioned in the 
center of the ring used to tow the vehicle. 
Results: 
Xs ~-65.2 inch. 
Ys~ 0 
Zs~ 0 
The hull having two plans of symmetry these results are consistent. 
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E. BUOYANCY AND GRAVITY CONCLUSION 
The table just underneath display a summary of the calculation done about the 
gravity and the buoyancy . 
Table 11-2: Summary concerning the gravity and the buoyancy 
Position of the centers 
Value in lb. 
X global Y global Z global 
Gravity W=260 lb. -67 inch. 0 Negative value 
Buoyancy B = 500 lb. -65.2 inch. 0 0 
Difference 
(gravity- -240 lb. -1.8 inch 0 Undetennined 
buoyancy) 
It requires that the robot must have neutral buoyancy. But the summary above 
shows that vehicle is too much buoyant. So, it will be necessary to add lead to equilibrate 
weight and buoyancy. The lead will be centered on the gravity center, and the lowest 
possible to obtain a vehicle the most stable. The ballast system will adjust the buoyancy. 
In the plan (Oxy), the gravity center and the buoyancy center are in the 
approximately same location. The little distance will be able to regulate using the ballast 
system. 
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XII- CONCLUSION AND RECOMMENDATION 
A. CONCLUSION 
This report showed an overview concerrung the mechanical design of an 
Autonomous Underwater vehicle. The watertighness is very critical for a submarine, so it 
was studied with care. The guiding of the propeller shaft was developed to improve the 
existing design used on the Phoenix AUV. This set can be assembled outside the robot to 
provide easier maintenance. 
This paper also discusses solutions to protect one of the main sensors, the RDI 
Doppler sonar. Several possibilities have been proposed; the simple one was restrained 
(this using only a rigid frame). It's not the safest but in reason of the price, it's the best. 
The solution moving vertically the sonar will be able to use later. 
A simulation was performed too in order to verify the maximum pressure that the 
robot can support. In conclusion at this part, the report proposes the maximal depth at 
which the vehicle can go in warranting the security of. It will be possible to increase this 
value but much large modifications should be done, for example in welding many 
reinforcements, like nervures, well placed. The modification can be implemented if it's 
necessary to increase the robot action field. 
Finally, a study concerning the weight and the buoyancy was executed to assure 
neutral buoyancy. The conclusion of this part indicates that it's necessary to add lead to 
reach the requirement. 
All the design was implemented using I-DEAS. This software allows maintaining 
:.
1 
\the draft easily. Furthermore the files can be transformed to be visualized on the web via 
1. the Cosmo-world. 
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B. FUTURE WORK AND RECOMMENDATON 
The next step is of course to assemble physically all the components around and 
inside the robot. Then, the vehicle will be able to test in the tank of the Navy school to 
verify the waterproof. A test in Monterey Harbor will permit to adjust the weight to 
obtain a good trim and the neutral buoyancy. 
A future work could be to calculate numerically the position of the center of 
buoyancy and the center of the gravity more accurately. 
Hull modification will be able to perform later to use the robot until a depth of 
300 feet to enlarge the operation envelope. 
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APPENDIX A: AUV NOMENCLATURE 
Name Number Quantity Provider 
Main Assembl.y AUV-00-00-00 1 
Hull AUV-00-00-01 1 
Center hatch plate AUV-00-00-02 1 
Front hatch plate AUV-00-00-03 1 
Rear hatch plate AUV-00-00-04 1 
Tank cap AUV-00-00-05 2 
Center cap (vent AUV-00-00-06 1 
hatch) 
Nose AUV-00-00-07 1 
Fin assembl.y AUV-01-00-00 6 
Fin AUV-01-00-01 6 
~in shaft AUV-01-00-02 6 
Fin servo can body AUV-01-00-03 6 
Fin can cap AUV-01-00-04 6 
Fin guard bracket AUV-01-00-05 6 
Servo-motor 6 
Vertical. thruster AUV-02-00-00 2 
assembl.y 
Thruster end cap AUV-02-00-01 2 
Thruster tube AUV-02-00-02 2 
DC brushless 2 Tecnadyne 
thruster 
Horizontal. thruster AUV-03-00-00 2 
tubes 
Thruster end cap AUV-03-00-01 2 
Thruster tube AUV-03-00-02 2 
DC brushless Tecnadyne 
thruster 
Propulsion motor ATN-04-00-00 2 
can assembly 
Motor can AUV-04-00-01 2 
Motor can cap AUV-04-00-02 2 
Motor flange AUV-04-00-03 2 
Shaft connection AUV-04-00-04 2 
Motor propeller 2 ELCOM 
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Propeller assembly AUV-05-00-00 2 
Right propeller AUV-05-00-01 1 
Left propeller AUV-05-00-02 1 
Propeller bracket AUV-05-00-03 1 
Bearing can AUV-06-00-00 
assembly 
Propeller bearing AUV-06-00-01 2 
can 
Propeller seal can AUV-06-00-02 2 
Shaft collar AUV-06-00-03 2 
Propeller shaft AUV-06-00-04 2 
Bearing 4 BOCA BEARING 
Nose assembly AUV-07-00-00 
Sheet nose AUV-07-00-01 1 
Support sheet AUV-07-00-02 4 
Interface AUV-07-00-03 1 
nose/robot 
RDI bracket AUV-07-00-04 1 
Sonar fixation AUV-07-00-05 1 
ADV Fixation AUV-07-00-06 1 
RDI sandwich AUV-07-00-07 1 
ADV 1 SONTEK 
Sonar ST 725 1 TRITEK 
RDI 1 TRITEK 
Switch can assembly AUV-07-01-00 1 
Switch can window AUV-07-01-01 1 
Switch can top AUV-07-01-02 1 
Switch can window AUV-07-01-03 1 
ring 
Switch can body AUV-07-01-04 1 
Switch can bottom AUV-07-01-05 1 
Component assembly AUV-08-00-00 
Ballast assembly AUV-08-01-00 2 
Ballast pump 2 
Valve 2 
Pressure relief 2 
Pressure sensor 2 
Hose + connector + 2 
filter 




Support sheet 12 
Cross bar 12 
Batteries 4 
Wires + switches + ... 1 
DGPS assembl.y AUV-08-02-00 1 
GPS antenna AUV-08-02-01 1 
Support GPS antenna AUV-08-02-02 1 
GPS 1 
Freewave antenna 1 
Support freewave AUV-08-02-03 
antenna 
Screws + meca stuff 1 
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APPENDIX 8: LISTING OF THE DATA 
CONCERNING THE BUOYANCY AND GRAVITY 
CALCULATION 
The listing is directly printed in a file. This file contains the information 
concerning the position of the gravity center, the weight, and the listing of the piece 
designed using I-DEAS. 
Physical Properties Report 
Accuracy within 0.0 I % 
Inertial Properties about each entity CG 
in the selected coordinate system 
Gyration Axis : 0 0 0 
Name Hier #Type Material Density Weight Mass Volume 
= 
CGX CGY CGZ 
==== 
main I ASSEMBLY 2.145e-04 3.556e+02 9.212e-Ol 4.294e+03 -6.64408e+OI -1.293e-02 3.553e-OI 
vertical t 5 ASSEMBLY 2.538e-04 3.743e+OO 9.696e-03 3.820e+OI-4.12465e+01 l.067e-04 l.797e-01 
thruster e 6 PART ALUMINIUM- 2.538e-04 3.257e-Ol 8.437e-04 3.324e+OO -4.12503e+Ol -8.475e-04 -4.695e+OO 
vertical t 7 PART ALUMINIUM- 2.538e-04 3.092e+OO 8.009e-03 3.155e+Ol -4.12465e+01 3.077e-04 1.797e-Ol 
thrustere 8 PART ALUMINIUM- 2.538e-04 3.257e-01 8.437e-04 3.324e+OO -4.12427e+01-8.475e-04 5.054e+OO 
vertical t 9 ASSEMBLY 2.538e-04 3.743e+OO 9.696e-03 3.820e+Ol -9.37465e+Ol 1.067e-04 2.204e-01 
thruster e lO PART ALUMINIUM· 2.538e-04 3.257e-01 8.437e-04 3.324e+OO -9.37503e+01 -8.475e-04 -4.654e+OO 
vertical t II PART ALUMINIUM- 2.538e-04 3.092e+OO 8.009e-03 3.155e+01 -9.37465e+Ol 3.077e-04 2.204e-Ol 
thrustere 12 PART ALUMINIUM- 2.538e-04 3.257e-01 8.437e-04 3.324e+OO -9.37427e+Ol -8.475e-04 5.095e+OO 
hull 13 PART ALUMINIUM- 2.538e-04 1.360e+02 3.522e-Ol 1.387e+03 -7.28176e+01-1.427e-02 4.316e-01 
lateral th 14 ASSEMBLY 2.538e-04 5.662e+OO 1.466e-02 5.777e+OI-3.52465e+OI 3.528e-11 1.753e-OI 
thruster e 15 PART ALUMINIUM· 2.538e-04 3.257e-Ol 8.437e-04 3.324e+OO -3.52465e+01 -7.874e+OO 1.742e-Ol 
thruster e 16 PART ALUMINIUM- 2.538e-04 3.257e-01 8.437e-04 3.324e+OO -3.52465e+01 7.874e+OO 1.742e-01 
lateral tu 17 PART ALUMINIUM- 2.538e-04 5.010e+OO 1.298e-02 5.112e+01-3.52465e+01 3.531e-11 1.755e-Ol 
lateral th 18 ASSEMBLY 2.538e-04 5.662e+OO 1.466e-02 5.717e+01 -9.97465e+OI 3.726e-ll 1.747e-OI 
thruster e 19 PART ALUMINIUM- 2.538e-04 3.257e-01 8.437e-04 3.324e+OO -9.97465e+Ol -7.874e+OO 1.759e-Ol 
thruster e 20 PART ALUMINIUM- 2.538e-04 3.257e-Ol 8.437e-04 3.324e+OO -9.97465e+OI 7.874e+OO 1.759e-O I 
lateral tu 21 PART ALUMINIUM- 2.538e-04 5.010e+OO 1.298e-02 5.112e+Ol-9.97465e+OI 3.729e-ll 1.745e-OI 
fin assemb 22 ASSEMBLY 2.538e-04 2.639e+OO 6.835e-03 2.693e+O I -2.89444e+O I 1.083e+O I 1.655e-O I 
fin shaft 23 PART ALUMINIUM- 2.538e-04 9.912e-02 2.567e-04 I.Olle+OO -2.87465e+OI 9.752e+OO 1.700e-Ol 
fin guard 24 PART ALUMINIUM- 2.538e-04 8.509e-Ol 2.204e-03 8.683e+OO -2.75709e+Ol 9.969e+OO 1.688e-OI 
fin 25 PART ALUMINIUM- 2.538e-04 I.689e+OO 4.374e-03 1.723e+Ol -2.96480e+OI I.l32e+OI 1.635e-OI 
fin assemb 26 ASSEMBLY 2.538e-04 2.639e+OO 6.835e-03 2.693e+OI -2.89444e+OI-1.083e+OI 1.748e-OI 
fin shaft 27 PART ALUMINIUM- 2.538e-04 9.912e-02 2.567e-04 I.Olle+OO -2.87465e+OI -9.752e+OO 1.700e-OI 
fin guard 28 PART ALUMINIUM- 2.538e-04 8.509e-01 2.204e-03 8.683e+OO -2.75709e+OI -9.969e+OO 1.690e-OI 
fin 29 PART ALUMINIUM- 2.538e-04 1.689e+OO 4.374e-03 1.723e+OI -2.96480e+OI -1.132e+OI 1.780e-OI 
fin assemb 30 ASSEMBLY 2.538e-04 2.639e+OO 6.835e-03 2.693e+O I -1.06944e+02 -1.083e+O I 1.853e-O I 
fin shaft 31 PART ALUMINIUM- 2.538e-04 9.912e-02 2.567e-04 I.Olle+OO -1.06746e+02 -9.752e+OO 1.804e-OI 
fin guard 32 PART ALUMINIUM- 2.538e-04 8.509e-OI 2.204e-03 8.683e+OO -1.05571e+02 -9.969e+OO 1.795e-01 
fin 33 PART ALUMINIUM- 2.538e-04 1.689e+OO 4.374e-03 1.723e+OI -1.07648e+02 -1.132e+OI 1.885e-OI 
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Name Hier #Type Material Density Weight Mass Volume CGX CGY CGZ 
= 
fin assemb 34 ASSEMBLY 2.538e-04 2.639e+OO 6.835e-03 2.693e+Ol -1.06944e+02 1.083e+Ol 1.760e-Ol 
fin shaft 35 PART ALUMINIUM- 2.538e-04 9.912e-02 2.567e-04 l.Olle+OO -l.06746e+02 9.752e+OO 1.804e-Ol 
fin guard 36 PART ALUMINIUM- 2.538e-04 8.509e-Ol 2.204e-03 8.683e+OO -1.0557le+02 9.969e+OO 1.793e-01 
fin 37 PART ALUMINIUM- 2.538e-04 l.689e+OO 4.374e-03 1.723e+Ol -1.07648e+02 1.132e+Ol 1.740e-Ol 
rear hatch 38 PART ALUMINIUM- 2.538e-04 3.520e+OO 9.118e-03 3.592e+Ol -1.08454e+02 -1.054e·06 -
3.263e+OO 
fin assemb 39 ASSEMBLY 2.538e-04 2.639e+OO 6.835e-03 2.693e+OI -1.06816e+02 -4.651e-03 -6.98le+OO 
fin shaft 40 PART ALUMINIUM- 2.538e-04 9.912e-02 2.567e-04 l.Oile+OO -1.06617e+02 1.688e-06 -5.905e+OO 
fin guard 41 PART ALUMINIUM- 2.538e-04 8.509e-Ol 2.204e-03 8.683e+OO -1.05441e+02 -7.296e-05 -6.123e+OO 
fin 42 PART ALUMINIUM- 2.538e-04 1.689e+OO 4.374e-03 1.723e+OI -1.07520e+02 -7.231e-03 -7.477e+OO 
fronthatc 43 PART ALUMINIUM- 2.538e-04 1.831e+OO 4.742e-03 1.868e+Ol-3.17641e+OI -1.302e-04-4.703e+OO 
fin assemb 44 ASSEMBLY 2.538e-04 2.639e+OO 6.835e-03 2.693e+Ol-3.14505e+Ol -4.65le-03 -7.657e+OO 
fin shaft 45 PART ALUMINIUM- 2.538e-04 9.912e-02 2.567e-04 1.0 Ile+OO -3.12517e+OI I.688e-06 -6.580e+OO 
fin guard 46 PART ALUMINIUM- 2.538e-04 8.509e-OI 2.204e-03 8.683e+OO -3.00763e+Ol-7.296e-05 -6.798e+OO 
fin 47 PART ALUMINIUM- 2.538e-04 1.689e+OO 4.374e-03 1.723e+OI-3.21545e+Ol-7.231e-03 -8.152e+OO 
motor can 53 ASSEMBLY 3.322e-04 4.939e+OO 1.279e-02 3.85le+OI -1.15744e+02 3.894e+OO 2.374e-OI 
motor can 54 PART ALUMINIUM- 2.538e-04 1.122e+OO 2.906e-03 1.145e+Ol -l.l6170e+02 3.874e+OO 2.369e-
OI-
motor can 55 PART 
motor flan 56 PART 
nose-new 58 PART 
motor-prop 60 PART 
01 
ALUMINIUM- 2.538e-04 2.432e-O I 6.299e-04 2.482e+OO -I. I 2143e+02 4.053e+OO 2.349e-0 I 
ALUMINIUM- 2.538e-04 4.539e-Ol 1.176e-03 4.632e+OO -1.19001e+02 3.875e+OO 2.398e-Ol 
FIBER-GLAS 1.216e-04 3.807e+OO 9.861e-03 8.106e+OI -1.45523e+01 -6.401e·02 -1.469e-01 
MOTOR-PROP 4.066e-04 3.100e+OO 8.029e-03 1.975e+01 -1.15371e+02 3.892e+OO 2.373e-
components 92 ASSEMBLY 2.016e-04 1.092e+02 2.829e-01 1.403e+03 -6.74956e+OI 1.842e-02 1.415e+OO 
cross bar 93 PART ALUMINIUM- 2.538e-04 3.450e-01 8.935e-04 3.520e+OO -7.59930e+01 -5.750e+OO 4.707e+OO 
cross bar 94 PART ALUMINIUM- 2.538e-04 3.450e-01 8.935e-04 3.520e+OO -7.59930e+OI -1.271e-08 4.707e+OO 
cross bar 95 PART ALUMINIUM- 2.538e-04 3.450e-01 8.935e-04 3.520e+OO -7.59930e+01 5.750e+OO 4.707e+OO 
cross bar 96 PART ALUMINIUM- 2.538e-04 3.450e-01 8.935e-04 3.520e+OO -5.89930e+OI -5.750e+OO 4.693e+OO 
cross bar 97 PART ALUMINIUM- 2.538e-04 3.450e-01 8.935e-04 3.520e+OO -5.89930e+OI -1.271e-08 4.693e+OO 
support sh 98 PART ALUMINIUM- 2.538e-04 3.0lle+OO 7.799e-03 3.072e+01 -7.59933e+01 1.774e-07 
4.394e+OO 
cross bar 99 PART ALUMINIUM- 2.538e-04 3.450e-01 8.935e-04 3.520e+OO -5.89930e+OI 5.750e+OO 4.693e+OO 
support sh 100 PART ALUMINIUM- 2.538e-04 3.0lle+OO 7.799e-03 3.072e+OI -5.89933e+01 1.774e·07 
4.381e+OO 
ballast se 101 ASSEMBLY 
balast pum 102 PART 
1.107e-04 9.117e+OO 2.36le-02 2. 133e+02 -6.74949e+Ol 1.058e-11 2.205e+OO 
1.107e-04 4.558e+OO l.l81e-02 1.066e+02 -7.76396e+Ol -5.768e-06 2.213e+OO 
batteries 103 ASSEMBLY 2.152e-04 9.200e+Ol 2.383e-01 1.108e+03 -6.74958e+Ol 2.187e-02 1.068e+OO 
battery 104 PART BATTERIES 2.152e-04 2.300e+Ol 5.957e-02 2.769e+02 -7.97458e+Ol -4.706e+OO 1.078e+OO 
battery 105 PART BATTERIES 2.152e-04 2.300e+OI 5.957e-02 2.769e+02 -7.97458e+Ol 4.794e+OO 1.078e+OO 
battery 106 PART BATTERIES 2.152e-04 2.300e+OI 5.957e-02 2.769e+02 -5.52458e+Ol -4.750e+OO 1.059e+OO 
battery 107 PART BATTERIES 2.152e-04 2.300e+Ol 5.957e-02 2.769e+02 -5.52458e+OI 4.750e+OO 1.059e+OO 
balast pum 108 PART 1.107e-04 4.558e+OO l.l8Ie-02 l.066e+02 -5.73503e+OI 5.768e-06 2.197e+OO 
nose assem I 09 ASSEMBLY 
sonar ST 7 145 PART 
ADVOcean 146 PART 
support sh 147 PART 
2.164e+OO 
support sh 148 PART 
2.164e+OO 
1.224e-04 3.238e+Ol 8.387e-02 6.852e+02 -1.70682e+OI -1.420e-Ol 5.902e-Ol 
9.357e-08 l.614e-03 4.180e-06 4.467e+Ol -9.74975e+OO -I.OOOe+OO -2.726e+OO 
9.357e-08 4.336e-03 I.I23e-05 1.200e+02 -2.22497e+O I 2.000e+OO 2. 742e-O I 
ALUMINIUM- 2.538e-04 6.697e-01 1.734e-03 6.833e+OO -2.3035Se+01 -5.113e+OO 
ALUMINIUM- 2.538e-04 6.697e-Ol 1.734e-03 6.833e+OO -2.30355e+Ol 5.187e+OO 
support sh I 63 PART 
support sh 164 PART 
interface 165 PART 
propeller 175 PART 
9.357e-08 2.5Ile-04 6.504e-07 6.95le+OO -2.30253e+Ol 5.187e+OO -1.814e+OO 
9.357e-08 2.51le-04 6.504e-07 6.95le+OO -2.30253e+Ol "5.113e+OO -1.814e+OO 
ALUMINIUM- 2.538e-04 5.098e+OO 1.320e-02 5.202e+Ol -2.50000e+OI -5.708e-02 4.628e-OI 
ALUMINIUM- 2.538e-04 9.395e-Ol 2.433e-03 9.587e+OO -1.24570e+02 3.288e-03 2.443e-OI 
assembly p 176 ASSEMBLY 3.247e-04 9.452e-OI 2.448e-03 7.540e+OO -1.22249e+02 -3.875e+OO 2.421e-OI 
propeller 178 PART 9.357e-08 4.115e-06 l.066e-08 l.l39e-01-1.20606e+02 -3.875e+OO 2.413e-Ol 
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Name Hier #Type Material Density Weight Mass Volume CGX CGY CGZ 
propeller 180 PART 
propeller 181 PART 
propeller 189 PART 
RDI sandwi 190 PART 
01 
support RD 191 PART 
2.772e+OO 
RDI new 192 PART 
RDI bracke 193 PART 
4.022e+OO 
sheet nose 194 PART 
01 
connection 207 PART 
01 
9.357e-08 4.115e-06 1.066e-08 1.139e-OI -1.21887e+02 -3.875e+OO 2.423e-OI 
ALUMINIUM- 2.538e•04 3.250e-Ot 8.417e-04 3.316e+OO -1.21653e+02 -3.875e+OO 2.42Ie-OI 
GENERIC_OR 7.317e-04 3.670e-OI 9.507e-04 1.299e+OO -1.22097e+02 -3.875e+OO 2.414e-OI 
ALUMINIUM- 2.538e-04 1.765e+OO 4.572e-03 1.801e+OI -I.57495e+OI 4.594e-09 2.270e-
ALUMINIUM- 2.538e-04 3.277e+OO 8.488e-03 3.344e+01 -1.57506e+01 2.474e-09 
9.357e-08 6.356e-03 1.646e-05 1.759e+02 -I.57506e+01 1.742e-05 3.692e+OO 
ALUMINIUM- 2.538e-04 1.038e+OO 2.688e-03 1.059e+OI -1.57500e+Ol 8.936e-07 
ALUMINIUM- 2.538e-04 1.696e+OI 4.392e-02 1.730e+02 -1.47156e+Ol -7.55Ie-03 1.750e-
ALUMINIUM- 2.538e-04 2.025e-02 5.245e-05 2.066e-OI -1.19470e+02 3.872e+OO 2.403e-
motorcan 211 ASSEMBLY 3.322e-04 4.939e+OO 1.279e-02 3.851e+OI-1.15744e+02-3.856e+OO 2.374e-OI 
connection 214 PART ALUMINIUM- 2.538e-04 2.025e-02 5.245e-05 2.066e-01 -1.19470e+02 -3.878e+OO 2.403e-
Ol 
motor-prop 215 PART MOTOR-PROP 4.066e-04 3.100e+OO 8.029e-03 1.975e+OI -1.15371e+02 -3.858e+OO 
2.373e-OI 
motor can 216 PART ALUMINIUM- 2.538e-04 1.122e+OO 2.906e-03 I.l45e+01 -1.16170e+02 -3.876e+OO 2.369e-
01 
motor can 217 PART ALUMINIUM- 2.538e-04 2.432e-OI 6.299e-04 2.482e+OO -1.12143e+02 -3.697e+OO 2.349e-
OI 
motor flan 218 PART ALUMINIUM- 2.538e-04 4.539e-OI 1.176e-03 4.632e+OO -1.19001e+02 -3.875e+OO 2.398e-
OI 
assembly I 219 ASSEMBLY 
Left Blade 220 PART 
AssLeftHub 221 PART 
assembly r 222 ASSEMBLY 
AssRightHu 223 PART 
Right_Blad 224 PART 
9.357e-08 1.299e-04 3.364e-07 3.595e+OO -1.25036e+02 3.875e+OO 2.440e-Ol 
9.357e-08 4.648e-05 1.204e-07 1.287e+OO -1.25005e+02 3.875e+OO 2,446e-OI 
9.357e-08 8.341e-05 2.160e-07 2.309e+OO -1.25053e+02 3.875e+OO 2.436e-01 
9.357e-08 1.302e-04 3.373e-07 3.605e+OO -1.25036e+02 -3.875e+OO 2.440e-OI 
9.357e-08 8.341e-05 2.160e-07 2.309e+OO -1.25053e+02 -3.875e+OO 2.436e-01 
9.357e-08 4.683e-05 1.213e-07 1.296e+OO -1.25005e+02 -3.875e+OO 2.446e-OI 
motor fin 225 ASSEMBLY 2.538e-04 1.605e+OO 4.157e-03 1.638e+O I -2.92223e+O I 6.453e+OO I. 738e-0 I 
fin can ca 226 PART ALUMINIUM- 2.538e-04 5.873e-OI 1.52le-03 5.993e+OO -2.94965e+OI 5.130e+OO 1.792e-01 
fin servo 227 PART ALUMINIUM- 2.538e-04 1.018e+OO 2.636e-03 1.038e+Ol -2.90640e+Ol 7.216e+OO 1.706e-01 
motor fin 228 ASSEMBLY 2.538e-04 1.605e+OO 4.157e-03 1.638e+Ol -1.07222e+02 6.453e+OO 1.843e-01 
fin servo 229 PART ALUMINIUM- 2.538e-04 1.018e+OO 2.636e-03 1.038e+OI-1.07064e+02 7.216e+OO 1.8IIe-OI 
fin can ca 230 PART ALUMINIUM- 2.538e-04 5.873e-01 1.521e-03 5.9.93e+OO -1.07497e+02 5.130e+OO 1.897e-01 
motor fin 231 ASSEMBLY 2.538e-04 1.605e+OO 4.157e-03 1.638e+O I -2.92223e+O I -6.453e+OO 1.669e-0 I 
fin servo 232 PART ALUMINIUM- 2.538e-04 1.018e+OO 2.636e-03 1.038e+OI -2.90640e+OI -7.216e+OO 1.698e-
Ol 
fin can ca 233 PART ALUMINIUM- 2.538e-04 5.873e-Ol 1.52le-03 5.993e+OO -2.94965e+OI -5.130e+OO 1.619e-OI 
motor fin 234 ASSEMBLY 2.538e-04 1.605e+OO 4.157e-03 1.638e+Ol -1.07222e+02 -6.453e+OO 1.774e-OI 
fin servo 235 PART ALUMINIUM- 2.538e-04 1.018e+OO 2.636e-03 1.038e+OI -1.07064e+02 -7.216e+OO 1.803e-
Ol 
fin can ca 236 PART ALUMINIUM- 2.538e-04 5.873e-Ol l.52le-03 5.993e+OO -1.07497e+02 -5.130e+OO I. 724e-O I 
motor fin 237 ASSEMBLY 2.538e-04 1.605e+OO 4.157e-03 1.638e+O I -1.07090e+02 3.439e-03 -2.605e+OO 
fin servo 238 PART ALUMINIUM- 2.538e-04 1.018e+OO 2.636e-03 1.038e+OI -1.06932e+02 4.351e-04-
3.369e+OO 
fin can ca 239 PART ALUMINIUM- 2.538e-04 5.873e-Ol 1.52Ie-03 5.993e+OO -1.07363e+02 8.643e-03 -1.282e+OO 
motor fin 240 ASSEMBLY 2.538e-04 1.605e+OO 4.157e-03 1.638e+O I -3.07734e+O I -3.439e-03 -3.28le+OO 
fin servo 241 PART ALUMINIUM- 2.538e-04 1.018e+OO 2.636e-03 1.038e+OI -3.09323e+OI -4.351e-04 -
4.044e+OO 
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Name Hier #Type Material Density Weight Mass Volume CGX CGY CGZ 
fin can ca 242 PART 
1.959e+OO 
ALUMINIUM- 2.538e-04 5.873e-OI l.521e-03 5.993e+OO -3.04981e+OI -8.643e-03 -
assembly p 243 ASSEMBLY 3.247e-04 9.452e-OI 2.448e-03 7.540e+OO -1.22626e+02 3.875e+OO 2.424e-01 
propeller 245 PART GENERIC_OR 7.317e-04 3.670e-01 9.507e-04 1.299e+00-1.22475e+02 3.875e+OO 2.417e-01 
propeller 246 PART 
propeller 248 PART 
propeller 249 PART 
shaft coli 250 PART 
propeller 251 PART 
bearing se 252 PART 
01 
shaft coli 253 PART 
propeller 254 PART 
bearing se 255 PART 
01 
sonar fixa 256 PART 
I.175e+OO 
sonar fixa 257 PART 
Of 
center hat 265 PART 
4.679e+OO 
vent hatch 266 PART 
4.801e+OO 
ballast ta 267 PART 
ballast ta 268 PART 
9.357e-08 4.115e-06 I.066e J8 l.l39e-01-1.20983e+02 3.875e+OO 2.416e-01 
9.357e-08 4.115e-06 1.066e-08 l.l39e-01-1.22265e+02 3.875e+OO 2.426e-OI 
ALUMINIUM- 2.538e-04 3.250e-O 1 8.417e-04 3.316e+OO -1.22030e+02 3.875e+OO 2.423e-O I 
ALUMINIUM- 2.538e-04 2.285e-02 5.919e-05 2.332e-01 -1.22985e+02 3.875e+OO 2.430e-OI 
9.357e-08 4.115e-06 1.066e-08 l.l39e-01 -1.23583e+02 3.875e+OO 2.436e-01 
ALUMINIUM- 2.538e-04 2.303e-Ol 5.965e-04 2.350e+OO -1.23674e+02 3.875e+OO 2.436e-
ALUMINIUM- 2.538e-04 2.285e-02 5.919e-05 2.332e-01 -1.22607e+02 -3.875e+OO 2.427e-OI 
9.357e-08 4.115e-06 1.066e-08 1.139e-01-1.23206e+02 -3.875e+OO 2.433e-OI 
ALUMINIUM- 2.538e-04 2.303e-Ol 5.965e-04 2.350e+OO -1.23296e+02 -3.875e+OO 2.433e-
ALUMINIUM- 2.538e-04 5.409e-OI 1.401e-03 5.519e+OO -8.63969e+OO -l.OOOe+OO 
ALUMINIUM- 2.538e-04 5.409e-Ol 1.401e-03 5.519e+OO -8.63969e+OO -I.OOOe+OO -8.250e-
ALUMINIUM- 2.538e-04 8.642e+OO 2.238e-02 8.819e+Ol -6.75003e+OI 1.726e-04 -
ALUMINIUM- 2.538e-04 2.319e+OO 6.006e-03 2.366e+OI -6.75004e+OI 6.020e-04 -
ALUMINIUM- 2.538e-04 4.907e-01 1.271e-03 5.007e+OO -4.81569e+OI 3.458e-04 4.944e+OO 
ALUMINIUM- 2.538e-04 4.907e-01 1.27le-03 5.007e+OO -8.69103e+01 3.458e-04 4.974e+OO 
switch can 269 ASSEMBLY 2.473e-04 1.568e+OO 4.06le-03 1.642e+OI -2.20070e+OI -2.500e+OO -1.929e+OO 
switch can 270 PART ALUMINIUM- 2.538e-04 3.955e-OI 1.024e-03 4.036e+QO -2.20218e+01 -2.500e+OO -
3.250e+OO 
switch can 271 PART FIBER-GLAS 1.216e-04 3.783e-02 9.799e-05 8.056e-01 -2.l9998e+Ol-2.500e+OO -3.336e+OO 
switch can 272 PART ALUMINIUM- 2.538e-04 4.923e-02 1.275e-04 5.023e-OI -2.20566e+Oi -2.500e+OO -
3.533e+OO 
switch can 273 PART ALUMINIUM- 2.538e-04 7.021e-OI 1.819e-03 7.165e+OO -2.19996e+OI -2.500e+OO-
1.825e+OO 
switch can 274 PART ALUMINIUM- 2.538e-04 3.831e-01 9.923e-04 3.909e+OO -2.19996e+OI -2.500e+OO -4.087e-
01 
ADV fixati 275 PART ALUMINIUM- 2.538e-04 1.220e-01 3.160e-04 1.245e+OO -2.05367e+OI 3.140e+OO 
1.175e+OO 
ADV fixati 276 PART ALUMINIUM- 2.538e-04 1.220e-01 3.160e-04 1.245e+OO -2.05367e+OI 3.140e+OO -8.250e-
01 
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APPENDIX C: OVERVIEW OF I-DEAS 
This overview is presented in more details in the student guide released with I-
DEAS Master series 6. For more details, it's possible to contact a web site: 
http://www.SDRC.com. 
A. How to start I-DEAS? 
The picture below shows the first screen when you start the CAD software. At 
this step, you have to choose between several applications (design, drafting, simulation, 
test, manufacturing, management, open data I PCB). 
part is necessary to cote the draft in order to machine the pieces. The simulation part 
allows checking by finite element the stress and the displacement in the material. The 
others applications didn't be used for this project 
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The next step is to choose a task. The choice is shown underneath. 
Master Modeler is used to design the pieces, to create the shape of the pieces. 
These pieces are put together using Master Assembly. The software allows you to 
simulate the movement and the forces in the mechanism using Mechanism Design. 
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B. Explanation of the window in which is made the work 
On the right, it's possible to see a bunch of icons. The function of each one is 
indicated using the picture that it represents. 
These icons are using for all of the applications, 
They authorize to zoom, to shade, to orient the 
piece that is designing. 
These icons are only used for the design 
application. But they are the same for whole 
task like Master Modeler, Master Assembly, 
Mechanism Design, etc. 
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C. How to use the files where the robot has been designed? 
The last version of the new AUV is in the file called: AUV-V3.mfl 
This file regroups all the pieces, all the assemblies, and all the drafting's. This overview 
of I-DEAS has for purpose to allow everyone using and finding information that they 
need. 
In using this icon, you can choose the piece that 
you want to see. You can also asking to 
visualize the different assembly. 
In selecting this toggle, you will be able to see 
the way used to assemble virtually the AUV. 
It's possible to hide the pieces to clarify the 
draft. 
Remark: In pressing on the key Fl, F2 and F3, you can move, zoom and rotate the 
drawing. 
When you pass trough an icon, the software tells you its function. The skill allows 
you to learn by yourself. 
Tlte following appendix indicate t!te different files and what application and 
wltat task use to display the contents. 
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D. How to read the simulation made? 
The simulation application is complex enough m 
order that I cannot explain everything. 
The following paragraph explains how to visualize 
results fund. 
The application has got a lot of task. The deflection 
and the stress in the piece can be seen in the Post 
Processing. 
The picture beside shows the icons of the Post 
Processing task. 
o display the results you have to select icon l.l, and 
en select the icon 2.1. After this step you can display 
e result at a point or of the whole structure in 
electing either the point or the structure. 
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APPENDIX D: LISTING OF I-DEAS FILES 
These files are available in the computer laboratory of the Mechanical 
Engineering Hall on the octane station. 
The first four files have to be open using the Design application. Then it's 
possible to switch and to choose any task. 
• AUV -vl.mfl: version using the linear actuator to move the RDI. 
• AUV -v2.mfl: version using the ground to retract the RDI. 
• AUV -v3 .mfl: final and complete version of the design of the new boat. 
• AUV.mfl: movement simulation of the solution using the linear actuator to move the 
Doppler Sonar. 
The following files have to be open with the simulation application. To display 
the results, you have to choose the Post processing task. 
• Hull-mesh-vl.mfl: first study in using the finite element to verify the hull deflection 
• Hull-mesh-v4.mfl: simulation of only Y4 of the hull with special boundary condition, 
accurate model. 
• Hull-mesh-v5.mfl: simulation of the model using the reinforcements to resist against 
the pressure. 
• Hull-mesh-v6.mfl: simulation of the model using welded nervure to resist against the 
pressure. 
• Plate-mesh-V2.mfl: study of the deformation of the center hatch plate by the finite 
elements. Case where an inside pressure is applied (1/4 of the plate). 
• Plate-mesh-V 4.mfl: study of the deformation of the center hatch plate by the finite 
elements, with reinforcement by two sheets (complete plate). 
• Plate-mesh-VS.mfl: study of the deformation of the center hatch plate by the finite 
elements, without reinforcement (complete plate). 
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APPENDIX E: EXAMPLE OF DRAFTING 
• Bearing seal can 
• Propeller bearing can 
• Support sheet nose top 
• Support sheet nose bottom 
• RDI bracket 
• RDI Sandwich 
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